Introduction
There is surprisingly little known about the detailed molecular structure of ionized acids in organic solvents. Although it is universally understood that writing H + is shorthand for a solvated proton, H(solvent) x + , the value(s) of x and the details of the coordination environment are often unspecified or unknown. This leads to incomplete descriptions of the mechanisms of acid-promoted and acid-catalyzed reactions, a matter of particular concern when contemplating the nature of active proton carriers in low dielectric media. The size and charge of a proton carrier is important throughout biology and can markedly affect the rates of protonation reactions when accessibility to the reacting center is a factor. [1] [2] [3] The unspecified nature of H(solvent) x + also leads to an imprecise description of the phenomenon of solvent leveling of acidity because the basicity of an individual solvent molecule is a fundamentally different thermodynamic quantity than the solvation of a proton (as measured by pK a ). This is underscored by gas phase observations that proton affinities of solvent molecules do not correlate with hydrogen bond energies of the corresponding proton-bound dimers, H(solvent) 2 + . 4, 5 The enthalpy of addition of a second solvent molecule to H(solvent) + is remarkably constant through a wide series of gas-phase bases, suggesting a unique stability for x ) 2 in H(solvent) x + . This work probes this stability in solid-state structural studies.
By isolating and structurally characterizing a variety of salts containing representative [H(solvent) x ] + cations, we can expect to arrive at reasonable structural models for the nature of ionized acids in organic solvents. [6] [7] [8] [9] This will be most favored when the counterion is large, weakly basic and weakly interactingin short, as "innocent" as possible. Carborane anions of the type 1-H-CB 11 R 5 X 6 -(R ) H, Me; X ) Cl, Br) 10 (see Figure 1 ) and fluorinated tetraphenylborates 11, 12 (BAr F ) best fulfill this requirement. Carborane salts generally crystallize better than fluorinated tetraphenylborates because of a much lower tendency to form oily liquid clathrates.
A handful of X-ray structures of salts of protonated common organic solvents are known, suggesting a pattern of di-solvation of the proton. 19 A number of protonated organic molecules have been isolated from superacidic media and characterized by X-ray crystallography. [20] [21] [22] This latter class of cations provides models for mono-solvated protons but because they are produced in the presence of excess acid, they are unlikely to represent species present when acids are used in a bulk solvent. As discussed above, the basicity order for protonation of single organic molecules may differ significantly from the basicity order in bulk, because of the difference in coordination number of the proton.
A crucial role for single equivalents of water in organic media is also becoming apparent. 2 The need for well-defined, solid-state structures is given added importance by the recent discovery of some notable effects in the solution IR spectra of H(O-donor) 2 + cations having weakly interacting anions. Stoyanov 9,28 has observed extensive broadening and shifting of ν(CdO) and ν(C-O) bands for a variety of di-solvated protons (solvent ) acetone, ethanol, diethyl ether, and butyl acetate). These are related to IR continua observed earlier in a number of other strong H-bonded systems such as bis-formate 29 and bis-pyridine 30 proton complexes. The origin of this effect is now believed to be the response of these vibrations to the variable position of the proton within a spatial interval along the O‚‚‚H‚‚‚O trajectory. Rather than a double minimum, or a single minimum at the midway point, the potential energy curve for the proton is proposed to have a double minimum with a barrier so small that it is less than the energy of the ground state vibrational level (see Figure 2) . Indeterminate positioning of the proton gives rise to a family of potential energy curves. These are referred to as SSLB H-bonds (SSLB ) short, strong, low-barrier). 31-33 Strong H-bonds differ from typical, weak H-bonds most noticeably in their tendency toward low (or possibly zero) barriers to symmetrical positioning the H atom between the two electronegative atoms. On the basis of current understanding, two classes of O‚‚‚H + ‚‚‚O hydrogen bonding can be envisaged for H(solvent) 2 + species with O-donor solvents: (a) a localized, double-well potential arising from normal asymmetric Hbonding, and (b) a distribution of essentially flat wells arising in SSLB H-bonding (Figure 2 ). This has seen extensive investigation in H(N-donor) 2 + systems, 30 and in A-H‚‚‚A -type systems that formally involve H-bonding of an acid HA to its anionic conjugate base A -. 31 specified acidity and precisely defined solvation. 
Results and Discussion
Ether Solvents. Bis-diethyl ether oxonium ions can be generated by a number of routes, one of the simplest being treatment of cesium carborane salts with anhydrous hydrogen chloride in dry diethyl ether solvent ( Thermal stability is a function of the nucleophilicity of the accompanying solvent. Related salts that contain protonated solvents that are less nucleophilic than diethyl ether (e.g., arenes), are thermally stable to >150°C. 45 The diethyl ether salts have good solubility in most organic solvents, including benzene. 1 H NMR spectroscopy confirms stoichiometry via integration of the anion and cation resonances. This is particularly accurate when the anions contain methyl groups. The acidic proton appears appropriately downfield 6,11-13 at 11-14 ppm, depending on conditions. Density functional calculations using the GIAO method predict a shift of 18.3 ppm. The less downfield shift observed experimentally suggests that second shell solvation effects, or possible tri-solvation of the proton, may be important in solution.
Another commonly used ether solvent, tetrahydrofuran (THF), can also be converted into a crystalline oxonium salt, despite the fact that THF polymerizes in strong acid. THF polymerization is a reversible, nearly thermoneutral transformation, 47 so that as long as the THF concentration is kept low and the temperature is ambient, the monomer is favored. Treatment of arenium ion carborane salts with a small excess of THF in benzene, followed by solvent evaporation, quantitatively generates the two-coordinate H(THF) 2 + cation (2) No halogen atom of an anion approaches the midpoint of the O‚‚‚O separation closer than 4.1 Å, and no H atom from a B-H bond approaches closer than 3.0 Å. The dimensions of the carborane are typical of the unperturbed anion. The location of the proton between the ether O atoms is very strongly implied by the short O‚‚‚O separations averaging 2.40 Å in 1 and 2.360(10) Å and 2.349(13) Å in 2, much shorter than the sum of two O-atom van der Waals radii (3.00 Å). In the case of 1, the proton was located from the difference electron density map. It refined as two 50% occupied protons, each position shared by the two disordered cation conformers with O-H distances in the range 0.80-1.60 Å. This implies an asymmetric H-bond but disorder leaves doubt about the accuracy of all of the metrical data in the cation. Nevertheless, the shape of cation is clear. One of the conformers is shown in Figure 3 along with the DFT calculated structure. In 2, there are two independent H(THF) 2 + cations in the asymmetric unit. One of these is displayed along with the DFT calculated structure in Figure 4 . Although near the limits of statistical significance, the C-O distances in the coordinated THF molecules [1.437 (10) The IR spectra of 1 and 2 show the very broad and intense bands associated with the O-H-O fragment, typical of strong hydrogen bonds. 49, 50 As illustrated in Figure 5 for the H(OEt 2 ) 2 + cation, the band assigned to ν as (O-H-O) is seen as a very broad feature centered at ca. 1000 cm -1 and that assigned to δ(O-H-O) is centered at 1524 cm -1 . The shapes of these bands, particularly the lower energy band, are distorted by resonance effects leading to so-called "transparent windows". These appear as irregular oscillations in the lower energy band of 1 ( Figure  5 ) and as dips in the spectrum of 2 centered at 1484, 1366, and 1165 cm -1 ( Figure S2 ). This effect is commonly observed in crystalline species with very strong H-bonds. 51 A striking peculiarity of the IR spectra of 1 and 2 is the disappearance of the ν as (C-O-C) bands of the ethers, expected as strong, sharp bands ca. 50-100 cm -1 lower than in the free ethers (1120 cm -1 in diethyl ether). These bands are presumably broadened and obscured by ν as (O-H-O), whose resonance distortion does not allow deconvolution of underlying bands. Their disappearance has been explained in terms of delocalization of the proton on the flat bottom of a potential well between the O‚‚‚O atoms. 9 It is consistent with an indeterminate position of H + within an interval along the O‚‚‚H‚‚‚O trajectory, giving rise to a family of potential energy curves (Figure 2b ). It is a particularly dramatic case of inhomogeneous line broadening.
DFT calculations indicate that the proton is centered between the two O atoms in these bis-ether cations. However, excursions of the proton 0.25 Å either side of center point along the O‚‚‚O trajectory lead to only small increases in the total energy of the system (<0.02 kcal). Taken together, the experimental and theoretical data are consistent with SSLB hydrogen bonds having a roughly centered but somewhat indeterminate position for the proton. The crystal lattice appears to impose a small degree of asymmetry.
Protonated Benzophenone. Ketones are a common class of organic solvents for carrying out acid-catalyzed reactions. Although we were unable to obtain single crystals of an acetone oxonium salt, we have been able to isolate suitable crystals of [H(benzophenone) 2 ][CHB 11 H 5 Cl 6 ], 3. The structure contains discrete cations and anions.
As shown in Figure 6 , benzophenone forms a two-coordinate structure with a short O‚‚‚O separation of 2.470(3) Å. There are clear indications of localization of the proton toward one component of the dimer. The acidic proton was located in the difference electron density map and refined with 100% occupancy in an asymmetric site (O‚‚‚H ) 0.09 and 1.50 Å). One CdO bond is slightly elongated relative to the other by 0.026(4) Å and this is further reflected in the adjacent C-C bonds to the phenyl groups which are correspondingly shorter (1.457(5) versus 1.480(5) Å), consistent with developing quinoidal character. Density functional calculations mirror these results giving an O‚‚‚O separation of 2.428 Å and a difference of 0.02 Å between the two carbonyl CdO distances (Figure 6 ). Nevertheless, the IR spectrum of 3 is not classical. The usually sharp and intense ν(CdO) band of the carbonyl group (1650 cm -1 in free benzophenone) is not readily identified. As shown in Figure 7 , a very broad absorption is present across the entire spectral region below 2000 cm -1 . Unlike the spectra of the ether species, the broad bands due to ν as ( . Taken all together, the data are consistent with an intrinsically asymmetric H-bond but nevertheless one that is short, strong and with low barrier between the inequivalent minima. When the proton is constrained to a centered position between the O atoms in DFT calculations, the energy is virtually indistinguishable from that of the fully relaxed structure. This suggests that crystal site asymmetry provides a deciding bias for the average position of the proton. It suggests that second shell solvation effects may play a parallel role in solution.
O-H-O) and δ(O-H-O)
Protonated Nitrobenzene. The least basic solvent used in this study was nitrobenzene. Crystals of [H(nitrobenzene) 2 ]-[CHB 11 H 5 Cl 6 ], 4, were isolated from nitrobenzene solution. As shown in Figure 8 , the close approach of O atoms at 2.484(3) Å indicates that protonation occurs in monodentate fashion on the nitro groups, giving a symmetrical dimer. The O‚‚‚O separation is the longest observed in the present studies. As seen in Table 1 , the dimensions of the protonated nitro group are similar to those in nitrobenzene‚AlCl 3 54 suggesting similar acidity. The coordinated N-O bond length is ca. 0.05 Å elongated relative to free nitrobenzene while the noncoordinated NdO bond is ca. 0.02 Å shortened. Although a symmetrical location for the proton is required by crystallographic site symmetry, refinement with an H atom at the inversion center led to a site occupation factor of only 39% (compared to 50% theoretical). This suggested a 2-fold static disorder of asymmetric H-bonds about the center of symmetry, or the variable position of the proton in an interval between the O atoms, biased away from the centroid. The difference electron density map is shown in Figure 9 . The structure refined successfully with the former model although this does not rule out the latter. The thermal ellipsoids of the coordinated O atoms are normal so if the proton takes a variable position (as indicated by the IR data below) the X-ray data are not revealing on this point. DFT calculations lead to a very slightly asymmetric structure ( Figure  8 ) with an O‚‚‚O distance of 2.420 Å. The coordinated N-O distances are 1.273 and 1.281 Å, whose average is very close to the experimental distance of 1.274 Å. Calculated excursions of the proton through the central position indicate that the barrier is low (<0.1 kcal/mol). We conclude that an asymmetric H-bond is favored but that a distribution of locations in an interval between the O atoms cannot be ruled out. X-ray crystallography 
Short, Strong, Low Barrier (SSLB) H-bonds
gives information on the location of electron density not the nuclei. Lacking core electrons and being highly acidic, the actual location of a proton is very much open to debate.
The distance of H + to the other, formally nonprotonated O atom of nitrobenzene is short: ca. 2.23 Å (or 2.37 Å to the centroid). Thus, the coordination of nitrobenzene appears to be slightly bidentate. This is supported by the difference electron density map ( Figure 9 ) and suggests an explanation for the relatively long O‚‚‚O separation (2.47 Å). Secondary H-bonding weakens the primary H-bonding. It also provides a model for second shell effects in the solution structures of H(solvent) 2 + systems. 55 The bond length changes of the coordinated nitrobenzene lead to ready prediction of the IR spectrum. The longer the coordinated N-O bond, the more ν s (NO 2 ) should decrease in frequency relative to free nitrobenzene. The shorter the uncoordinated NdO bond, the more ν as (NO 2 ) should increase in frequency. This has, in fact, been observed in aliphatic nitro compounds having monodentate coordination to AlCl 3 . 54 The IR spectrum of 4 is shown in Figure 10 . Strong sharp ν(NO 2 ) bands at 1526/1513 and 1348 cm -1 are assigned to small amounts of free nitrobenzene adhering to the surface crystals or produced by reaction of [H(nitrobenzene) 2 ][CHB 11 H 5 Cl 6 ] with traces of water. Of all the species studied, the nitrobenzene compound is the most sensitive to moisture or errant nucleophiles. For example, it reacts rapidly with KBr, in a pellet and even as a Nujol mull between KBr windows, to liberate nitrobenzene whose ν as (NO 2 ) frequencies vary by ca. 10 cm -1 depending on the environment. This is why a Teflon film had to be used to obtain an authentic spectrum of 4. The problem of reaction with the matrix or window material may explain why coordinated nitrobenzene has sometimes been reported to show insignificant shifts in the νNO bands. 56 We assign a new, somewhat broad band at 1325 cm -1 to ν s (NO 2 ). It's companion ν as (NO 2 ) band would be expected at a frequency higher than that of free nitrobenzene, i.e., higher than 1526 cm -1 . This region is obscured but, by allowing water to partially decompose the sample and taking difference spectra, a somewhat broad band at 1567 cm -1 could be identified. This is tentatively assigned to ν as (NO 2 ).
Thus, as with the benzophenone structure, the nitrobenzene cation shows a considerable loss of intensity of the stretching vibrations of bonds adjacent to SSLB H-bonds, suggesting some degree of indeterminate position for the proton. This is not inconsistent with the X-ray structure determination.
Mixed [H(diethyl ether)(H 2 O)] + Cation. Adventitious water in our solvents led to the serendipitous growth of single crystals of [H(OEt 2 )(H 2 O)][CHB 11 H 5 Cl 6 ], 5, although this species can be prepared rationally with controlled amounts of water in welldried solvents. Despite the opportunity for extended H-bonding involving the water ligand, discrete cations are found in the crystal structure. There are four structurally similar cations in the crystallographic asymmetric unit.
The cation is intrinsically unsymmetrical, so the question of location of the proton is not one of centering, but one of competition between water and ether. The difference electron density map and the distinct nonlinearity of the H + -O-H bond angles to H 2 O indicate that the proton is closer to the ether. Theory favors a bias toward methanol in the gas-phase structure of [H(MeOH)(H 2 O)] + . 57 Nevertheless, the chemical behavior of traces of water in solvents indicates that H(H 2 O)(solvent) + is more stable than H(solvent) 2 + . Solvation energies presumably play a role in this. The O‚‚‚O separations of 2.404(16), 2.441(8), 2.448(9), and 2.469(9) Å in 5 (average 2.44 Å) are toward the long end of those in the chemically symmetrical cations (2.35-2.48 Å) but are nevertheless short. This suggests that they remain in the overall category of strong linear O‚‚‚H‚‚‚O bonds. These expectations are borne out by DFT calculations where comparison is made in Figure 11 . Within the organic moieties, bond length comparisons between mixed species and its symmetrical H(OEt 2 ) 2 + counterpart cannot be made at a meaningful level of statistical accuracy.
Conclusions
With weakly interacting anions, a notably consistent pattern of di-solvation of the proton by O-donor organic solvents has emerged from this work. This should be taken as the predominant form of an ionized acid in solvents having O-atom donors, and may be the same with other heteroatom donors. It contrasts with C-protonation of arene solvents where all the evidence to date points toward mono-solvation of protons in σ-complexed arenium ions, H(arene) + . 45,58 
H(O-donor) 2
+ systems all have short O‚‚‚O separations (2.35-2.48 Å) indicative of strong, linear, H-bonding. DFT calculations indicate that symmetrical structures can exist since all have low barrier H-bonds although they are not majority species. In all cases, broadened IR bands provide strong evidence for an indeterminate position of the proton within an interval between the donor atoms. The distribution of structures favors asymmetry.
The present structures allow comment on the VSEPR notion that protonation occurs on sp 2 -and sp 3 -oriented lone pairs of oxygen atoms (Figure 12 ). Expectations that carbonyl and nitro groups protonate on lone pairs at approximately 120°are, in fact, borne out by the data. The CdO-H angles (assuming linear O‚‚‚H‚‚‚O bonds) are 120°and 123°to benzophenone in 3 and the NdO-H angle is 111°to nitrobenzene in 4. The same angles calculated with density functional theory are 120°and 113°respectively. In neutral systems, where H-bonding is weaker, these angles tend to be greater than 120°. The most common angle from the crystallographic database is 128°, the average is 130°, but there is considerable spread. 59 Although the sp 2 model is a fairly good guide to structure in unsaturated compounds, the sp 3 model for lone pairs in ethers fairs poorly. Oxonium ions have considerably flattened pyramidal geometries relative to that predicted from sp 3 tetrahedrality. This is measured as the dihedral angle between the O‚‚‚H‚‚‚O vector and the C-O-C plane. The ideal is 125°for sp 3 hybridization (109°bond angles). These dihedral angles are 140°, 144°, 147°, and 169°(average 150°) to Et 2 O in 1, 130°, 145°, 147°, and 149°(average 140°) to THF in 2, and 130°, 141°, 141°, and 145°(average 136°) to Et 2 O in 5. Calculated with density functional theory these angles are 145°, 153°, and 140°respectively. This suggests that the extensive flattening of the pyramidal geometry is intrinsic rather than of crystal packing origin. The remaining lone pair on the oxygen atom appears to have significantly diminished sp 3 character and, thus, diminished basicity. This is relevant to the concept of superelectrophiles in postulated dicationic species such as diprotonated ethers, R 2 OH 2 2+ , whose structural basis is presently confined to in vacuo calculation. 60 In -ion, 61 they should soon become cheaper and more available. Acidity can be readily tuned over a much wider range of solvents with carborane counterions than tetraphenylborates. The nucleophilicities of the solvent and anion that accompany the delivery of a proton to a substrate are often important considerations. The choice can be now made between two O-donor solvent molecules, an arene 45,58 and the unsolvated pure acid, H(carborane). 46 The redox inertness of a carborane anion and its exceedingly low nucleophilicity allows delivery of exceptionally "clean" protons to substrates at controlled acidity. There are potential applications to reactive cation chemistry across the periodic table.
Experimental Section
All manipulations were carried out under dry conditions using Schlenkware or an inert atmosphere glovebox (H2O, O2 < 0.5 ppm). Carborane anions, [62] [63] [64] protonated arene salts, 45, 58 and H9O4 + salts 27 were prepared as previously described. Solvents were dried by standard methods. 65 IR spectra were run on a Shimadzu 8300 FT-IR spectrometer in the range 4000-400 cm -1 (32 scans, resolution 2 cm
). Samples were prepared as both KBr pellets and as thin wafers pressed between 13 micron FEP Teflon films to ensure there was no reaction with pellet media. Reaction of 4 with KBr was very rapid.
[ 
